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The Cassini spacecraft will take 18 scienti� c instruments to Saturn. After launch and a seven-year cruise,
Cassini will arrive at Saturn and separate into a Saturn orbiter and an atmospheric probe, called Huygens, which
will descend to the surface of Titan. The orbiter will orbit the planet for four years, making close � ybys of � ve
satellites, including multiple � ybys of Titan. Communication with Earth is at X-band; the maximum downlink
rate from Saturn is 166 £ 103 bps. Orbiter instruments are body mounted; the spacecraft must be turned to point
some of them toward objects of interest. The orbiter carries 12 instruments. Optical instruments provide imagery
and spectrometry. Radar supplies imaging, altimetry, and radiometry. Radio links contribute information about
intervening material and gravity � elds. Other instruments measure electromagnetic � elds and the properties of
plasma, energetic particles, and dust particles. The probe is spin stabilized. It returns data via an S-band link to the
orbiter. The probe’s six instruments include sensors to determine atmosphericphysicalproperties and composition.
Radiometricand optical sensors will producedata on thermal balance and obtain imagesof Titan’s atmosphereand
surface. Doppler measurements between probe and orbiter will provide wind pro� les. Surface sensors will measure
impactacceleration, thermaland electrical properties, and, if the surface is liquid,densityand refractive index.This
design will enable Cassini to determine the composition; the physical, morphological, and geological nature; and
the physical and chemical processes of the atmospheres, surfaces, and magnetosphereof the Saturniansystem. This
paper brie� y describes the Cassini mission and spacecraft and, in somewhat more detail, the scienti� c instruments.

Introduction

C ASSINI consists of a Saturn orbiter plus a Titan atmospheric
probe. The probe is named Huygens after the seventeenth

century Dutch astronomer Christiaan Huygens, who discovered
Titan and � rst recognized that the two “handles” of Saturn, seen
by Galileo, are really a ring. Cassini is named after the seventeenth
century Italian/French astronomer Jean Dominique Cassini, who
recognized that there is more than one ring and discovered four
more satellites of Saturn: Iapetus, Rhea, Dione, and Tethys.

Cassini is the last of the large planetary spacecraft currently
planned. Planetary visits in our solar system began with the � rst
Mariner spacecraft, which � ew by Mercury, Venus, and Mars. Fly-
bys were followed up with orbiting spacecraft (Pioneer, Mariner,
Viking, Venera, Magellan, Galileo, Mars Global Surveyor), which
studied the solar system in more detail. Planetary � ybys and or-
biters were followed by studies in greater depth using atmospheric
probes and surface landers:Surveyor,Viking,Venera,Vega, Galileo
Probe, Mars Path� nder. Perhaps the most famous planetary space-
craft are Voyagers 1 and 2, which surveyed the solar system with
� ybys of the outer planets and now continue in the heliosphere
beyond.

The � ybysof Saturn by Pioneer 11 in 1979and by Voyagers1 and
2 in 1980 and 1981 will now similarly be followed by an in-depth
study with Cassini’s planetary orbiter and atmospheric and surface
probe.

This paper provides brief accounts of the Cassini mission and
spacecraft and a more detailed description of the scienti� c instru-
ments. Among the reports of previouswork on or leading to Cassini
are Refs. 1–15.

Scienti� c Objectives
Objectives of the Cassini mission are 1) to determine the elemen-

tal, molecular, isotopic, and mineralogical compositions of Saturn,
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Titan, the smaller satellites,and the ringsof the Saturniansystem;2)
to determine the physical, morphological, and geological nature of
these objects; 3) to determine the physical and chemical processes
operating in the atmospheres of Saturn and Titan, including their
dynamics; 4) to determine the physical and chemical processes op-
erating on the surfacesof the rings and satellitesof the system; 5) to
determine the physical and dynamical properties of the rings; 6) to
determine the physical and dynamical properties and the composi-
tion of Saturn’s magnetosphere and its interactions with the rings,
satellites, and solar wind, and to obtain maps of the magnetosphere;
7) to map the surfaces of Titan and the icy satellites at wavelengths
from extreme ultraviolet to Ku-band radar; 8) to determine compo-
sition and mass distribution of ice and dust grains in the Saturnian
system; 9) to measure plasma waves and radio emissions in the
Saturnian system; 10) to examine the possibility of exobiology on
Titan; and 11) to search for gravitationalwaves.

Mission
The Cassini mission is outlined in Refs. 16–19. Current plans

are that the spacecraft will be launched Oct. 6, 1997, using a Titan
IV/Centaur with solid rocket motor upgrades and a C3 (square of
the escape velocity) of 18.1 km2/s2. It will use two gravity assists
from Venus, one from Earth, and one from Jupiter (Fig. 1). The
closest distance to the sun will be 0.68 AU. The Venus � ybys will
be in April 1998 and June 1999 at altitudes of 300 and 2200 km
and relative speeds of 11.8 and 13 km/s, respectively. Earth � yby
will be in August 1999 at an altitude of 500 km and a relative speed
of 19 km/s. The Jupiter � yby will be in December 2000, with a
closest approach of 140 Jupiter radii and a relative speed 11.6 km/s.
The C3, � yby dates, altitudes, and speeds will vary somewhat if
the launch date changes. Trajectory correction maneuvers will be
needed before each � yby.

Cassini will search for gravitationalwaves at oppositionafter the
Jupiter � yby. Limited scienti� c measurements will be made during
the two years before the Saturn encounter.Cassini will reach Saturn
in July 2004. The spacecraftwill � y by the satellite Phoebe 19 days
before the closest approach at a distance of about 50,000 km. The
Saturn orbit insertion maneuver, requiring a velocity change (1V )
of 0.61 km/s, will take place just beforeperiapsisat 1.3 Saturn radii.
The initial orbit has a period of about 150 days and an inclination
of 17 deg (Fig. 2). A maneuver at � rst apoapsis (1V D 0:33 km/s)
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will target the spacecraft for Titan � yby and raise its periapsis to 8.2
Saturn radii.

In November 2004 the Huygens probe will be spun up and
released from the orbiter at 0.3–0.4 m/s relative velocity. Its V -
in� nity relative to Titan will be 6.1 km/s. It will coast for 22 days
after separation and then enter the Titan atmosphere at about 18±N
latitude and 209±E longitude on the daylight side.

The probe will be dormant from separation until it reaches an al-
titudeof 1270km. Probe accelerometersand a radio transmitterwill
then be turned on for measurementsduring entry. The probe will be
aerodynamicallydecelerated to Mach 1.5 (approximately 400 m/s)
at an altitude of about 180 km (Fig. 3). Heat shield and covers will
then be jettisonedand a parachutewill be deployed.Parachuteopen-
ing should be complete at an altitude of 160 km. Chemical analysis
of the atmosphere and other scienti� c measurements will begin at
this altitude, and resulting data will be transmitted to the orbiter.
Descent from 190 km to the surface will take 2–2.5 h. Because the
main parachute would provide too slow a descent through the lower

Fig. 1 Cassini interplanetary trajectory.

Fig. 2 Cassini initial orbit about Saturn.

Fig. 3 Huygens Probe descent sequence.

Fig. 4 Preliminary Cassini Saturn orbital tour (extract, not all orbits
are shown).

atmosphere, it will be jettisoned at an altitude of about 125 km and
a smaller drogue parachute will be deployed. Winds may de� ect
the landing point by as much as 800 km. The probe will impact the
surface at 5–6 m/s. If the probe survives impact, scienti� c measure-
ments may be obtained on the surface. Line of sight to the orbiter
for data relay will be available for at least 30 min after impact.

After probe separation, a small maneuver will de� ect the orbiter
to � y by Titan at a minimum altitude of 1200 km and delay its
closest approach. This maneuver will keep the orbiter and probe in
line of sight while the probe descends through Titan’s atmosphere,
permittingprobe data to be transmitted to the orbiter for storage and
subsequent transmission to Earth.

The Titan � yby will lower theapoapsisof theorbiterandadjust its
trajectory for another Titan encounter.The orbiter will continue on
a four-year satellite tour, using repeated gravity assists from Titan
and some small maneuvers to shape the trajectory to satisfy scien-
ti� c objectives. A preliminary tour plan includes about 60 orbits of
Saturn and 33 � ybysof Titan (Fig. 4). Cassini orbital periodswill be
constrained to multiples or submultiplesof Titan’s period to ensure
repeated � ybys for gravity assist. During each � yby, Titan’s gravity
plus small spacecraftmaneuverswill set the next orbit aboutSaturn.
The orbital inclination � rst will be shifted downward to 0 deg and
then upward to about76 deg. Orbital periodswill decreaseto about7
days and periapsis radius to 2.7 Saturn radii. The apoapsisdirection
will vary from 30 deg up to almost 180 deg from the Saturn–Sun
line. Plans include � ybys of the satellites Enceladus, Dione, Rhea,
and Iapetus at a distance of about 1000 km and more distant � ybys
of these satellites and of Mimas and Tethys. Earth and Sun occulta-
tions by Saturn, its rings, and Titan are also planned. Nominal end
of mission is June 2008.

This orbital plan is preliminaryand will be revisedbefore launch.
It also may be modi� ed later. For example, as the Titan � ybys
progress, the minimum � yby altitude will be lowered, according
to current plan, to 950 km. As knowledge of the atmosphere is
gained during the mission, the minimum altitude may be modi� ed
accordingly.

Spacecraft Description
Orbiter

The Cassini orbiter was originally planned as the second of a
series of Mariner Mark II spacecraft,which would have high design
commonality; the Comet Rendezvous Asteroid Flyby (CRAF) was
to be the � rst.6 In 1992, to reduce current-year costs, the CRAF
mission and the Mariner Mark II concept were dropped, and the
Cassini spacecraft was redesigned. The most important change for
the instruments was deletion of the high-precision scan platform
and the turntable on which many of the instruments were mounted,
together with the booms that supported platform and turntable. In
the new design, the whole spacecraft must, in general, be turned
to point scienti� c instruments in the desired directions. Actuators
were added to three instrumentsto permit them to rotate individually
about one axis.

Figure 5 shows the current spacecraftdesign.The orbiter is 6.8 m
long; its maximum diameter in launch con� guration is 4 m. The
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Fig. 5 Cassini spacecraft, deployed (two views).

total mass of Cassini at launch is approximately 5800 kg, which
includes about 2700 kg of dry mass and 3100 kg of propellants.

The main body of the orbiter is a stack consisting of a lower
equipmentmodule, a propulsionmodule, an upper equipmentmod-
ule, and a high-gain antenna (HGA). The axis of this stack is the
z axis of the orbiter. Attached to the stack are the Remote Sensing
Pallet and the Fields and Particles Pallet with their scienti� c instru-
ments as well as the Huygens Probe. The two pallets carry most of
the scienti� c instruments.A few instrument assemblies are attached
to the upper equipment module. The orbiter’s 12-bay electronics
bus is part of the upper equipment module. An 11-m magnetometer
boom is mounted on the upper equipment module.

Figure6 is a functionalblockdiagramof the orbiter.In general,all
elementswhose failurecouldcauselossof themissionor lossof data
from more than one scienti� c instrument are redundant. Onboard
fault protection safeguards against many possible fault conditions.
The design life of the spacecraftis 11 years.Electronicparts, in gen-
eral, are radiation hard; digital components are immune to latch up
andresistantto single-eventupset. Identical32-bitengineering� ight
processors are used by the attitude control and command and data
subsystems and by two scienti� c instruments. The spacecraft will
usually be operated via command sequences stored onboard. Ther-
mal control is provided by re� ective multilayer insulatingblankets,
radiators, re� ective and absorptivepaints, louvers,shades, radioiso-
tope heater units, and electrical heaters.

Propulsion Module Subsystem
The propulsion module incorporates two redundant gimbaled

445-N engines with a speci� c impulse (Isp) of 3020 N-s/kg (308
lbf-s/lbm). Bipropellenttankshold about3000kg of nitrogentetrox-
ide and monomethylhydrazine.The reaction control subsystem in-

cludes fourclusters,each containingfourmonopropellanthydrazine
thrusters (0.2- to 1.0-N thrust). These thrust in a directionparallel to
the HGA and in a direction perpendicular to it. The hydrazine tank
holds 130 kg of hydrazine. Propellants are fed by helium pressur-
ization. A retractable cover protects the main engines from damage
by micrometeoroids.20

Power and Pyrotechnics Subsystem (PPS)
Three radioisotopethermoelectricgenerators(RTGs)provide816

W of primary power at the beginning of the mission and 641 W at
the end of the mission. From the RTGs, PPS distributes regulated
30-V dc power to orbiterusers via a power bus and solid-statepower
switches,which incorporatedampingof turn-ontransients.The PPS
provides � ring current to the various pyrotechnic devices on com-
mand from the Command and Data Subsystem (CDS). It disposes
of unusedpower from the constant-powerRTG sourcesby radiating
it to space via a resistance shunt radiator.21

Attitude and Articulation Control Subsystem (AACS)
The orbiter is three-axis stabilized. AACS provides attitude

control either by reaction control wheels or by the thrusters, which
also are used to unload the reaction control wheels.

Celestialattitudereferenceis suppliedbya sunsensorand a stellar
reference unit, which uses a charge-coupled device (CCD) sensor.
Inertial reference is furnished by vibrating (nonrotating) gyros.22;23

Spacecraft pointing accuracy will be 2 mrad or better when the
spacecraftis not thrustingor rotating.However,accuracyof pointing
with respect to the object being observed is generally limited not
by spacecraft pointingaccuracybut by navigationaluncertainties in
the relative positions of the spacecraft and object.

AACS also controlsorbiter translationthroughcommandof main
engine and thruster valves. An accelerometer on the central z axis
aids in controlling the duration of engine burns.

AACS contains redundant MIL-STD-1750A � ight computers. It
receives commands from the CDS via the CDS data bus and sends
commands over its own data bus to AACS assemblies.

Radio Frequency Subsystem (RFS)
Communicationbetween the orbiter and Earth is at X-band (7.2–

8.4 GHz). Each redundant transponder includes a receiver and an
exciter. Each redundant traveling-wave tube power ampli� er pro-
vides 20-W radio frequency output. A hybrid power splitter con-
nects either transponder to either power ampli� er, and mechanical
radio frequency switches permit connecting either power ampli� er
to any of the antennas. The RFS includes command detector units,
telemetrymodulationunits,and interfacecontrolunits,plusan ultra-
stable oscillator for the Radio Science investigation.The maximum
planneddata rate from Saturn is 166£103 bps using a 70-m ground
antenna or a 70-m and a 34-m antenna together, 36 £ 103 bps using
a 34-m ground antenna only.

Antenna Subsystem
The orbiterantennasubsystemincludesa 4-m parabolicHGA and

two low-gain antennas. The antennas are � xed to the structure. An
X-band feed is used for communicationand for Radio Science. An
S-band feed will receive telemetry from the Huygensprobeafter the
probe is separated from the orbiter and will also be used for Radio
Science. A Ka feed is provided for Radio Science. Five Ku feeds
supply � ve beams for the radar experiment (Fig. 7).

For high telecommunication rates, the spacecraft must be ori-
ented to point the HGA at Earth. At other times, especially while
the spacecraft is in the inner solar system, the axis of the HGA
will be pointed close to the Sun so the antenna will shade most of
the spacecraft. During many maneuvers, the axis will point in the
desired direction of thrust. When this happens, real-time telecom-
munication will be via a low-gain antenna at very low bit rates
(generally 40 bps). Also, the HGA must point toward the Huygens
probe when receiving telemetry from the probe, and, for observa-
tions with remote-sensing instruments, the spacecraft must point
them toward the objects of scienti� c interest. The HGA cannot then
be pointed at Earth. In these last two cases, no real-time commu-
nication with Earth is planned. Instead, data will be stored in the
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Fig. 6 Orbiter functional block diagram.

Fig. 7 Orbiter antenna subsystem block diagram, with interconnec-
tions.

orbiter solid-state recorders (described in the next section) for later
transmission to Earth via the HGA.

Command and Data Subsystem (CDS)
The CDS receives ground commands and memory loads from

the RFS, processes them, and distributes them to instruments and
other subsystems. It receivesdata from other subsystems,processes
it, formats it for telemetry, supplies Reed–Solomon encoding, and
delivers the telemetry to the RFS for transmission to Earth. A pair
of redundant MIL-STD-1553B data buses, using packet telemetry,
providecommunicationwith other subsystems.Each user interfaces
with the data bus through a standard bus interface unit or a remote
engineering unit. The communication rate on the bus allocated to
data from science instruments is 430 £ 103 bps. CDS uses redun-
dant MIL-STD-1750A � ight computers.Two 1.8-gigabitsolid-state
recorders provide mass storage.

Fig. 8 Huygens Probe, exploded view.

Huygens Probe
The Huygens probe system includesboth the probe itself and the

Probe Support Equipment. The Probe Support Equipment, which
remains attached to the orbiter, supports the probe on one side of
the orbiter, spins it up, and ejects it from the orbiterby spring action.
It also incorporatesan S-band receiver to receive telemetry from the
probe after separation, data handling to forward this telemetry to
CDS for later transmission to Earth, and an ultrastableoscillator for
radio frequency Doppler measurement of probe velocity relative to
the orbiter24 (Fig. 7).

Probe mass is approximately 320 kg. The probe consists of
a blunt-nosed, sphere-cone descent module encased in a conical
front shield, 2.7 m in diameter, which acts as a decelerator during
atmospheric entry, and a back cover (Fig. 8). Shield and cover use
silica composites for protection against the high heat � ux of en-
try. Both are jettisonable.Within the descent module, the scienti� c
instruments and most other probe equipment are mounted on an in-
strument platform. Parachutes are attached to a top platform. The
forward dome of the descent module has external spin vanes, and
there is a swivel on the parachute harness, so the module will spin
during descent to provide scan for its camera.

LiSO2 batteries store 1600 W-h of energy and supply 250 W
for the planned 3 h of probe operation. For thermal control, the
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probe utilizes multilayer insulation and about 35 W of radioisotope
heater units. Command and data management incorporates, for re-
dundancy,bothsoftwareandhard-wiredsequencingof probeevents.
Included is a triply redundantwake-up timer and a g switch to detect
deceleration by Titan’s atmosphere. There are also accelerometers
(range 10¡4–500 m/s2) to measure both axial decelerationand spin.
Redundant frequency-modulatedcontinuous wave radar altimeters
measurealtitudefrom 20 km down. Each altimeter transmits60 mW
of radio frequencyat 15.4 or 15.8 GHz via a 125 £ 162 mm planar
slot antenna.

Probe command and data management include 20 kilobits of on-
board data storage. Telecommunication after the probe separates
from the orbiter is limited to telemetry from probe to orbiter. This
is sent to the orbiter via two transmitters with solid-state ampli� ers,
each having 10-W output at S-band (2.1 GHz), and a wide-beam
(§57 deg) antenna.Data rate over the radio link will be 16£103 bps.
Total data return from the probe is expected to be >175 megabytes.

Scienti� c Instruments
Orbiter

Twelve scienti� c instrumentsare carried by the orbiter. For seven
of these, a principal investigatorand coinvestigatorsare responsible
for the instrument as well as the scienti� c investigation. Five are
designatedas facility instruments to be used by a science team. The
instruments are listed in Table 1, which also gives the principal in-
vestigator or facility instrument manager for each, as well as mass,
power, and outputdata rate. The sciencepayloadmass totals 365 kg.
Each instrument has one or more microprocessors that perform in-
ternal control and data handling for that instrument.

Instruments: Remote Sensing
Six of the orbiter instruments will measure properties of objects

remote from the spacecraft:the ImagingScienceSubsystem,Visible
and InfraredMappingSpectrometer,Composite InfraredSpectrom-
eter, Ultraviolet Imaging Spectrograph, Cassini Radar, and Radio
Science. The � rst four of these are mounted and coaligned on the
Remote Sensing Pallet, which in turn is mounted on the upper elec-
tronics module of the orbiter (Fig. 5).

Table 1 Cassini orbiter investigations/instruments

Typical Maximum
Principal Investigator (PI) Mass, peak power, data rate,

Investigation or Instrument Manager (IM)a kg W bps (£103 )

Cassini Plasma Spectrometer (CAPS) David Young (PI) 21.4 21.0 16.0
Southwest Research Institute

Cosmic Dust Analyzer (CDA) Eberhard Grün (PI) 16.7 19.5 0.5
Max-Planck Institut für Kernphysik

Composite Infrared Spectrometer (CIRS) Virgil Kunde (PI) 44.3 32.5 6.0
Goddard Space Flight Center

Ion and Neutral Mass Spectrometer (INMS) Jack Richards (IM) 13.0 31.0 1.5
Goddard Space Flight Center

Imaging Science Subsystem (ISS) Thomas Livermore /William Harris (IM) 61.1 70.8 366.0
Jet Propulsion Laboratory

Dual Technique Magnetometer (MAG) David Southwood (PI) 9.8 13.0 2.0
Imperial College

Magnetospheric Imaging Instrument (MIMI) Stamatios Krimigis (PI) 28.5 26.1 8.0
Applied Physics Laboratory,

Johns Hopkins University
Cassini Radar (RADAR) Young Park/Mimi Paller (IM) 56.7 120.0 365.0

Jet Propulsion Laboratory
Radio and Plasma Wave Science (RPWS) Donald Gurnett (PI) 39.0 18.3 370.0

University of Iowa
Radio Science (RS) Carole Hamilton (IM) 15.5 89.0 0.0

Jet Propulsion Laboratory
Ultraviolet Imaging Spectrograph (UVIS) Larry Esposito (PI) 16.0 14.0 31.0

University of Colorado
Visible and Infrared Mapping Spectrometer (VIMS) David Juergens (IM) 40.1 29.2 183.0

Jet Propulsion Laboratory
Total 361.9 ——b ——c

aThe � ve instruments for which an IM is listed are facility instruments.
bInstruments are not at peak power at the same time.
cInstruments are not at maximum data rates at the same time.

Imaging Science Subsystem (ISS)
The ISS consists of a wide-angle camera, a narrow-angle cam-

era, and associated electronics. Each camera includes optics, � lter-
changing mechanism, shutter, and detector head plus associated
electronics (Fig. 9). The cameras are used both to acquire scien-
ti� c data and for optical navigation.

The wide-angle camera has refractive optics, with a focal length
of 200 mm, a focal length/diameter ratio ( number) of 3.5, and
a 3.5-deg � eld of view. The narrow-angle camera has Ritchey–

Chretien re� ectiveoptics,with a 2000-mmfocal length,an number
of 10.5, and a 0.35-deg � eld of view. Filters are mounted in two ro-
tatable wheels per camera. The wide-angle camera has 18 � lters
over the range 350–1100 nm; the narrow-angle camera has 24 � l-
ters from 200 to 1100 nm. Two-blade focal plane shutters control
exposure.

The sensing element of each camera is a 1024 £ 1024 element
CCD, coated with phosphor to provide ultraviolet response and
cooled to 180 K by a radiator to reduce dark current. Pixel size is 12
¹m. The CCDs provide angular resolutionof 60 ¹rad per pixel for
the wide-angle camera and 6.0 ¹rad per pixel for the narrow angle.

The dynamic range of each camera is about 4000:1, equivalent
to 12 bits. Automatic exposure control is available. The data can
be reduced to 8 bits per pixel by a lookup table or by reading the 8
least-signi�cantbits.A losslessdatacompressorprovidesan average
compressionratio of 2:1 or greater.There is also a lossy compressor
providing average compression ratios as high as 8:1. Editing can be
used to sum adjacentpixelsor to transmitpartial frames. References
25 and 26 give additional information about ISS.

Visible and Infrared Mapping Spectrometer (VIMS)
The VIMS will furnish information about the surface and atmo-

spheric composition of Saturn and its satellites. It provides images
in which every pixel contains high-resolution spectra of the corre-
sponding spot on the ground. VIMS maps the areas viewed with
lower spatial resolutionthan ISS but at 352 contiguouswavelengths
between 0.35 ¹m and 5.1 ¹m.

VIMS has separate infrared and visible sensor channels. The
infrared and visible sensors are mounted on a VIMS optical pal-
let, which in turn mounts to the spacecraft’s remote sensing pallet
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lens to focus the interferometeroutput on two focal planes. One has
a 1 £ 10 linear array of photoconductiveHgCdTe detectors cover-
ing the range 600–1100 cm¡1 . The other uses a 1 £ 10 linear array
of photovoltaic HgCdTe detectors covering 1100–1400 cm¡1 . The
� eld of view of each detector is about 0:27 £ 0:27 mrad. Spectral
resolution is 0.5–20 cm¡1 .

The motor-driven scan mechanism moves re� ecting elements in
onedimensionto changethepath lengthsof the three interferometers
andhencetheirpassbands.The thirdor referenceinterferometeruses
the mid-infrared optical path and provides a servo signal to ensure
that the motor scans at uniform velocity.

The mid-infrareddetector arrays are mounted on an 80 K cooler.
Other portions of the optics assembly are cooled to 170 K by a sep-
arate radiator. To reduce heat leakage into the cold optics assembly,
specialwires with low thermalconductanceare used for its electrical
leads.30

Ultraviolet Imaging Spectrograph (UVIS)
The UVIS instrument measures, spectroscopicallyanalyzes, and

images ultraviolet emissions at brightness levels of 0.001 Rayleigh
to several thousandRayleighs.UVIS is a two-channel spectrograph
[far ultraviolet (FUV) and extreme ultraviolet (EUV)] and includes
a hydrogen deuterium absorption cell (HDAC) and a high-speed
photometer (HSP) (Fig. 9).

Each of the two spectrographic channels utilizes a re� ecting
telescope, a concave grating spectrometer, and an imaging, pulse-
counting detector. The telescope primary is an off-axis parabolic
section with a focal length of 100 mm, a 22 £ 30 mm aperture, and
a � eld of view of 3:67£0:34 deg. The aberration-correctedtoroidal
grating focuses the spectrum onto an imaging microchannel plate
detector (MCP).

The far-ultraviolet channel has a wavelength range of 115–

190nm. Selectableentranceslits provide2.4 ÊA resolution.The range
of the extreme ultraviolet channel is 55–115 nm, with spectral res-
olution available as narrow as 2.1 ÊA. This channel also contains a
mechanism that allows sunlight to enter the telescope when the sun
is 20 deg off axis; this is used to observe solar occultations.

The high-speed photometer measures undispersed (zero order)
light from its own parabolic mirror with a photomultiplier tube de-
tector. The wavelength range for this photometer channel is 115–

185 nm; the � eld of view is 0:34 £ 0:34 deg.
The hydrogendeuteriumabsorptioncell is a photometerthatmea-

sures hydrogen and deuterium concentrations.Behind an objective
lens, it has three resonance absorption cells. One is � lled with hy-
drogen and another is � lled with deuterium. A tungsten � lament in
each of these cells dissociates a fraction of the molecular gas and
allows the hydrogen/deuterium spectrum near the resonance lines
to be measured to high resolution by varying the � lament tempera-
ture. An oxygen cell is used to selectively transmit Lyman ® lines
while attenuatingnearbywavelengths.A channelelectronmultiplier
detects photons not absorbed in the cells.31

Cassini Radar (RADAR)
The RADAR is designed for observation of the surface of Titan

duringclose � ybysof that satellite.It operatesat Ku-band.The radar
includes a radio frequency electronics subsystem (Fig. 5), a digital
subsystem, and a power conditioner (Fig. 10). The radar utilizes

Fig. 10 Orbiter Radar, functional block diagram.

the orbiter’s HGA. It can be switched from one to another of � ve
Ku-band feeds (microstrip arrays) (Fig. 7). Four of these feeds are
offset from the antenna axis and generate four side-lookingbeams.
One feed on-axis provides a narrower central beam. A frequency-
selective subre� ector transmits the radar Ku frequency but re� ects
the X-band communications frequency.

The instrument has � ve operating states: high-resolution syn-
thetic aperture imaging, low-resolution synthetic aperture imaging,
altimetry, scatterometry, and radiometry. Its peak radio frequency
output is 63 W. For radiometry measurements, the radar does not
transmitbut it receivesblackbodyradiationfromthesurfaceofTitan.
The radar formats, compresses, and buffers its scienti� c data and
then forwards it to the orbiter command and data handling subsys-
tem as the bus data rate permits.32;33

Radio Science Instrument (RS)
Orbiter RS measurements will provide data on the atmospheres

and ionospheresof Saturn and Titan, on the rings, and on the gravity
� elds and ephemerides of Saturn and its satellites. During cruise,
the instrumentation will be used to search for gravitational waves,
in a general relativitymeasurement, and to obtain electron densities
of the solar corona.

The RS investigationemploys both the X-band communications
link of the spacecraft RFS and the Ka- and S-band capabilities of
the RadioFrequencyInstrumentSubsystem(RFIS). RFS equipment
used includesa transponder,a travelingwave tube (TWT) ampli� er,
and an ultrastableoscillator.The RFIS containsan S-band transmit-
ter and a suite of Ka-band equipment: a phase-lock loop translator
that receivesand translates the uplink carrierby a factorof 14/15 for
retransmission back to Earth, an exciter that generates a downlink
signal, and a TWT ampli� er. Transmission and reception are by the
HGA. Downlinkswith accuratelyknown frequencycan be transmit-
ted by the X-bandTWT ampli� er, the Ka-bandexciterand ampli� er,
and the S-band transmitter. Two-way coherent signals are provided
by X-band uplink to the transponder and by Ka-band uplink to the
translator in conjunction with the X and Ka downlinks mentioned.
Capabilities include one- and two-way Doppler, differential one-
way ranging, and two-way ranging. Links are with 34- and 70-m
antenna Earth stations of the Deep Space Network. Figure 11 is a
block diagram of the RS equipment.

Radio frequency output at Ka- and S-bands is 10 W. Frequency
stability of transmissions (1 f= f ), set by the ultrastable oscillator,
is better than 1 £ 10¡13 for integration times of 10–10,000 s. Allan
deviationof Ka-bandtransmissionsis <1£10¡15. Two-way ranging
provides an accuracy of 20–30 ns (6–9 m) (Ref. 34).

Instruments: Fields, Particles, and Waves
Six instruments that observe � elds, particles, and plasma waves

are the Dual Technique Magnetometer, Radio and Plasma Wave
Science,Cassini Plasma Spectrometer,MagnetosphericImaging In-
strument, Cosmic Dust Analyzer, and Ion and Neutral Mass Spec-
trometer.

Dual Technique Magnetometer (MAG)
The Dual Technique Magnetometer measures the magnetic � eld

vector. It consists of a three-axis Flux Gate Magnetometer (FGM)

Fig. 11 Radio Science instrument, block diagram.
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Fig. 13 Radio and Plasma Wave Science instrument, block diagram.

lengthby a motor drive.The magnetic searchcoil assembly includes
three orthogonal coils about 25 mm in diameter and 260 mm long,
each with a high-permeability core, a main winding, and a feed-
back winding, and mounted on a small platform attached to a HGA
support. The Langmuir probe, which measures electron density and
temperature, is a metallic sphere 50 mm in diameter attached to the
coil platformby a 1-m deployableboom. Signals from these sensors
go to high- and medium-frequency receivers, a wideband receiver,
and a � ve-channelwaveform receiver (Fig. 13). Ranges are 1 Hz to
16 MHz for electric � elds, 1 Hz to 12.6 kHz for magnetic � elds,
electron densities of 5 to 10,000 e/cm3 , and electron temperatures
equivalent to 0.1 to 4 eV. Sensitivity to electric � elds at 1 kHz is 0.4
¹V narrow band, 100 nV/Hz¡1=2 wideband; at 20 kHz, it is 0.1 ¹V
narrow band, 5 nV/Hz¡1=2 wideband. Sensitivity to magnetic � elds
at 1 kHz is 0.03 pT narrow band and 0.007 pT/Hz¡1=2 wideband.
Dynamic range is >90 dB.

RPWS also hasa soundermode.Squarewavepulsesaregenerated
and transmittedby the antenna to stimulate plasma resonances.The
received signals are analyzed to give electron densities.36

Cassini Plasma Spectrometer (CAPS)
The CAPS measurescomposition,density,� owvelocity,and tem-

peratureof ionsandelectronsin Saturn’s magnetosphere,usingthree
sensors: an Ion Mass Spectrometer (IMS), an Ion Beam Spectrom-
eter (IBS), and an Electron Spectrometer (ELS). A motor-driven
actuator rotates the sensor package to provide 208-deg scanning in
azimuth about the symmetry axis of the orbiter (Fig. 12).

The ELS uses a “top hat” curved-plate electrostaticanalyzer and
MCP detectors for electron energy measurements.The ELS energy
range is 0.7–30,000 eV with a resolution (1E/E) of 0.17. The sen-
sor’s � eld of view is 5£160 deg and angular resolutionis 5£20 deg.

The IBS uses a hemispherical curved-plate electrostatic an-
alyzer and channel electron multiplier detectors to determine
energy/charge ratios. The energy range of the IBS is 1 eV to 50
keV, and energy resolution is 0.015. Field of view is 1:5 £ 160 deg,
and angular resolution is 1:5 £ 1:5 deg.

The IMS provides data on both energy/charge and mass/charge
ratios.A top hat curved-plateelectrostaticanalyzerprovidesenergy/
charge separation.The ions are then acceleratedelectrostaticallyto
strike and penetrate a set of thin carbon foils. This produces sec-
ondary electrons and breaks up some of the molecular ions. Sec-
ondary electrons strike a MCP and signal the start of an ion’s time
of � ight. The ions travel in a chamber in which the electric � eld
increases linearly along the analyzer length. Positive ions with less
than 15 keV of kinetic energy are de� ected back to the entrance
end of the analyzer where they strike a MCP, stopping the time-
of-� ight timer. Because of the quadratic electrical potential, these
ions experience simple harmonic motion and their time of � ight
is a function only of their mass/charge ratio and is independent of
their entry energy and direction. The quadratic electrical potential
also permits high mass resolution.Positive ions with higher energy,
negative ions, and neutrals strike another MCP at the opposite end.
Fragments resulting from breakup of molecular ions supply infor-
mation on their composition.

The mass range of the IMS is 1–60 amu; its mass resolution
(1m=m ) is 0.013. The energy range is 1 eV to 50 keV, with a reso-
lution of 0.17. Field of view is 12£ 160 deg, and angular resolution
is 12£20 deg. Reference37 gives further informationabout CAPS.

Megnetospheric Imaging Instrument (MIMI)
The MIMI will provide images of the plasma surrounding Sat-

urn and determine ion charge and composition. Like CAPS, it has
three sensors. One of these, the Low-Energy MagnetosphericMea-
surements System (LEMMS) (Fig. 12), has ion-implanted solid-
state detectors to provide directional and energy information on
electrons at 15 keV to 10.5 MeV, protons at 15 to 130 MeV, and
other ions at 20 keV to 10.5 MeV per nucleon. The LEMMS head
is double-ended, with oppositely directed 15- and 45-deg conical
� elds of view. LEMMS is mounted on a platform that permits
continuous rotation of the head through 360 deg on an axis per-
pendicular to the orbiter HGA axis and to the LEMMS telescope
axis.

Anothersensor,theCharge-Energy-MassSpectrometer(CHEMS)
(Fig. 12), measureschargeand compositionof ions at 10–265 keV/e
with an electrostatic analyzer, a time-of-� ight mass spectrometer,
and MCPs. Its mass/charge range is 1–60 amu/e (elements H to
Fe) and molecular ion mass range is 2–120 amu. Energy resolution
[(1E/Q)/(E/Q)] is 0.05 and mass resolution (1m=m ) is 0.11. The
CHEMS head has a §80 £ 6 deg � eld of view.

The thirdMIMI sensor, the Ion and NeutralCamera (INCA) (Fig.
9), is a time-of-� ight camera with collimator slits, an entrance foil,
and MCPs. It records ions and neutralmoleculeswith energies from
10 keV to about 8 MeV per nucleon and provides remote images of
the energeticneutralemission of Saturn’s magnetosphere.Although
MIMI is listed as a � elds and particles instrument, INCA might also
be classi� ed as a remote sensor. It is bore-sighted with the optical
remote sensing instruments. INCA has a §60 £ §45 deg � eld of
view and an angular resolution of about 2 £ 2 deg.

Cosmic Dust Analyzer (CDA)
The CDA measures � ux, velocity, charge,mass, and composition

of dust and ice particles in the mass range 10¡16–10¡6 g. It has two
types of sensors: high-ratedetectors and a dust analyzer38 (Fig. 12).
The two high-rate detectors use depolarization of polyvinylidene
di� uoride � lm by impactingparticles to count impacts up to 10,000
per s. These detectors are intended primarily for measurements in
Saturn’s rings. One of them has a � lm 28 ¹m thick with an area
of 50 cm2. The other has � lm 6 ¹m thick and an area of 10 cm2.
Their counting rates give the integral � ux of dust particles above
the mass threshold of each high-rate detector. The threshold varies
with impact velocity, but ring particles are in near circular orbits so
their velocity at a given point does not vary much.

The dust analyzer determines the electric charge carried by dust
particles, the � ight direction and impact speed, mass, and chem-
ical composition, at rates up to 1 particle per s and for speeds
of 1–100 km/s. Two pickup grids at its entrance register particle
charge; charge-sensitiveampli� ers and a logarithmic ampli� er per-
mit recording over a range of 10¡16–10¡12 C. Most of the incoming
particles then strike an impact ionizationtarget. This target is at 0 V
potential. An ion collector grid at ¡350 V accelerates the positive
ions of the impact plasma.Many pass throughthe grid to an electron
multiplier detector. Timing of the signals from the three elements
indicates the impact velocity;pulseheights indicate the dust particle
mass.

Other dust particles strike a separate chemical analyzer target in
the dustanalyzerand also produceimpact ionization.This target is at
C1000 V and has a groundedgrid in front of it to acceleratepositive
ions. Ions reaching the grid signal the start time for the time-of-
� ight mass spectrometer.Others pass through into the spectrometer
and eventually reach the ion collectorand electron multiplier. Their
time of � ight is an inverse functionof the ion mass. The distribution
of ion masses (atomic weights) gives the chemical composition of
the dust particle. Mass resolution of the ion spectrum (1m=m) is
approximately 50.

An articulation mechanism permits the sensors to be rotated to
several positions relative to the orbiter body.

Ion and Neutral Mass Spectrometer (INMS)
The INMS will determine the chemical, elemental, and isotopic

composition of the gaseous and volatile components of the neu-
tral particles and the low-energy ions in Titan’s atmosphere and
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Table 2 Huygens probe investigations/instruments

Mass, Peak power, Energy, Maximum
Investigation Principal investigator kg W W-h data rate, bps

Aerosol Collector Pyrolyzer (ACP) Guy Israel 6.7 13.3/71.5a 69.8 128
Service d’ Aeronomie

Verrierès le Buisson
Descent Imager/Spectral Radiometer (DISR) Martin Tomasko 8.5 39.8 45.7 4800

University of Arizona
Doppler Wind Experiment (DWE) Michael Bird 2.1 18.6 25 10

Universitat Bonn
Gas Chromatograph/Mass Spectrometer (GCMS) Hasso Niemann 19.5 44.5 110 960

Goddard Space Flight Center
Huygens Atmospheric Structure Instrument (HASI) Marcello Fulchignoni 6.7 22.5 41 896

Observatoire de Paris
Surface Science Package (SSP) John Zarnecki 4.2 17.2 26 704

University of Kent
Total 47.7 ——b 317.5 ——c

aACP is allocated two power lines.
bInstruments are not at peak power at the same time.
cInstruments are not at maximum data rates at the same time.

Huygens Atmospheric Structure Instrument (HASI)
The HASI includes a variety of sensors (Fig. 14). Atmospheric

pressure sensors have a resolution of §0:04% or §0:005 millibar;
atmospherictemperaturesensorshavea resolutionbetter than0.02K
below 110 K and 0.07 K at higher temperatures.For determination
of atmosphericdensity,a servoaccelerometermeasuresacceleration
along the spin axis over full-scale ranges of 2 mg to 18.5 g, with a
resolution 0.05% of full scale. Three piezoresistive accelerometers
measure acceleration along all three axes of the probe over a range
of §20 g with a resolution of §50 mg.

A microphone senses acoustic noise from thunder, precipitation,
and turbulence. A permittivity and wave analyzer includes an elec-
trode array to measurepermittivityand electrical conductivityof the
atmosphere and surface. It senses electric � elds at frequencies from
dc to 10 kHz. HASI also processes the IF signal from the probe’s
radar altimeter to obtain information on surface topography, struc-
ture, roughness, and electrical properties.

Aerosol Collector Pyrolyzer (ACP)
The ACP will pump several samples of Titan’s atmosphere

through a � lter to collect aerosols. Samples are obtained through a
sampling device extended beyond the boundary layer of the probe.
The � lter is then transferredto an ovenheated to successivelyhigher
temperatures, up to 600–700±C, to vaporize and pyrolyze the col-
lected material. The ef� uent produced at each temperature is swept
upbynitrogencarriergasand transferredto the GCMS for analysis39

(Fig. 14).

Gas Chromatograph/Mass Spectrometer (GCMS)
The GCMS will provide quantitativeanalysis, including isotopic

analysis, of the atmosphere. Atmospheric samples are transferred
into the instrument by dynamic pressure as the Probe descends
through the atmosphere. Samples obtained at high altitudes can be
stored for later analysis.

The GCMS contains three chromatographiccolumns with differ-
ent absorbers for separationof gases. The mass spectrometerserves
as detector for the gas chromatograph,for unseparatedatmospheric
samples,and for thoseprovidedby the ACP and has individualinlets
for each of these (Fig. 14). In the mass spectrometer,ionizationis by
electron impact, separation is by a quadrupole mass analyzer, and
ion detection is by a secondary electron multiplier. The mass range
is 2–146 amu, detector thresholdmixing ratio is 1£10¡12 (at signal-
to-noise ratio D 1), and dynamic range is 108. Portions of the Probe
GCMS and the Orbiter INMS instruments share identical designs.

Descent Imager/Spectral Radiometer (DISR)
The DISR will obtain data on the thermal balance of the atmo-

sphere and surface of Titan; clouds and cloud particles; concentra-
tions of argon and methane; whether the local surface is solid or
liquid, and, if solid, its topography. DISR (Fig. 14) includes
three framing imagers, looking downward and horizontally, a

spectrometerdispersinglight from two sets of optics lookingdown-
ward and upward, and four solar aureole radiometers. All of these
output light via � ber optics bundles to different areas of a single
256 £ 520 CCD pixel array. The spectral range of the imagers is
660–1000 nm; their pixel resolution is 0.06–0.20 deg. The spec-
trometer’s range is 480–960 nm, with a pixel spectral resolution of
2.4 nm. The aureole radiometers operate at 475–525 and 910–960
nm and have 1-deg pixel resolution.

Separate downward- and upward-looking optics are linked by
� ber opticsbundles to an infraredgratingspectrometer.The infrared
optics include a shutter. The infrared detectors are linear InGaAs
photodiode arrays. Spectral range is 870–1700 nm; pixel spectral
resolution is 6.3 nm.

There are also violet photometerslookingdownwardand upward.
Their detectorsare siliconphotodiodes.Their bandwidthis 350–470
nm, and each records as a single pixel.

In addition to the sensors, DISR contains a lamp to provide ad-
ditional illumination of the surface of Titan for measurement of
spectral re� ectance in the methane absorption bands.

Doppler Wind Experiment (DWE)
The DWE measures the height pro� le of zonal wind and its tur-

bulence. It utilizes an ultrastableoscillator (USO) on the Probe and
another on the Orbiter (Figs. 14 and 7, respectively). The output
frequency of each USO is set by a rubidium oscillator. The Probe
USO then sets the carrier frequency of one of the Probe’s S-band
transmitters.The frequencyreceived by the Orbiter for this channel
is recorded and stored for transmission to Earth. There it is com-
pared with that of the Orbiter USO, recorded at the same time, to
determine the Doppler velocity between Probe and Orbiter.

The long-term frequency stability of each USO (1 f= f ), over the
Probe descent time of 2–2.5 h, is better than 2 £ 10¡10 . The short-
term stability (Allan deviation) over 100 s is 1£10¡12. Wind will be
measured to a precision of 1 m/s. Vertical resolution of wind shear
will vary with altitude, from 1800 m at 130-km altitude to about
20 m at the surface.40

Surface Science Package (SSP)
The SSP containssensors to determinethephysicalpropertiesand

composition of the surface (Fig. 14). Among them are two impact
accelerometers (piezoelectric), which should indicate whether the
surface is solid or liquid. There are two sensors (liquid-� lled tubes
with electrodes) to measure tilt about two axesafter landing.A group
of platinumresistancewires, through two of which a heating current
can bepassed,will measure temperatureand thermalconductivityof
the surfaceand loweratmosphereand the heatcapacityof the surface
material.A pair of piezoelectrictransducers,one generatingand the
other receiving a 1.0-MHz acoustic signal, will measure acoustic
velocity. Another transducer, pointed downward and operating at
15 kHz, will conduct acoustic sounding of liquid depth if the Probe
lands in liquid.
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An opening at the bottom of the Probe body, with a vent extend-
ing upward along the Probe axis, will admit liquid. This will � ll
the space between a pair of electrodes. The capacitance between
the electrodes will give the dielectric constant of the liquid; the
resistancewill give the electrical conductivity.A � oat, with electri-
cal position sensors,will determine the liquid’s density. A sensor to
measure refractiveindexof the liquidhas LED light sources,a prism
with a curved surface, and a linear photodiode detector array. The
position of the light/dark transition on the detector array indicates
the refractive index.

Operations
Orbiter

Power available on the Orbiter is not suf� cient to operate all in-
struments and engineering subsystems simultaneously.Orbiter op-
erationsare thereforedividedintoa numberof operationalmodes. In
each mode, power is allocated among the instrumentsand engineer-
ing subsystemsas appropriate for the operation.Some of the modes
are for engineeringoperations,and some are for gatheringscienti� c
data. For example, during much of the orbital tour of Saturn, 16 h in
a remote sensing mode will alternate with 8 h in a � elds, particles,
waves, and downlink mode. In the remote sensing mode, most of
the remote sensing instruments will be acquiring data; many of the
� elds and particles instruments will not. In the � elds and particles
mode, the reversewill be true.Other sciencemodes will beused dur-
ing satellite � ybys, occultations, cruise to Saturn, etc. Instruments
not gathering data generally will not be turned off during the orbital
tour but rather will be left in a low-power “sleep” state. This is to
reduce on-off thermal cycling,keep high voltageson to avoid a need
to turn voltage up slowly each time, and preserveRAM to avoid the
need to reload it each time.

The operationalmodes differ in characteristicsother than power.
In remote sensing, for example, the Orbiter is oriented to point
remote sensing instruments toward their objects of interest. This
means that the HGA cannot be pointed toward Earth, so telemetry
is stored in the solid-state recorders for transmission later. In the
� elds, particles, waves, and downlink mode, the HGA is pointed to
Earth, permittingtransmissionof storedand real-timetelemetry,and
the Orbiter is rolled about the antenna axis at 0.26 deg/s to provide
scanning about an axis additional to the articulation axes of some
instruments.

The bit rate available on the CDS data bus is not high enough to
permit all instruments to output telemetry simultaneously at their
maximum rates. The Orbiter is switched among a number of dif-
ferent telemetry modes in which the available bit rate is allocated
differently among the instruments.

Probe
There is no radio transmission link to the Huygens Probe after it

separatesfrom theOrbiter;it is whollyautonomous.The instruments
are turnedon in a preprogrammedsequence.Operationis controlled
by timers,accelerationsensors,altimeters,anda sunsensor.As in the
Orbiter, instruments are switched among various power states and
telemetry allocations to stay within the total power and bandwidth
available.16;41;42

Summary
The Cassini mission will take 18 scienti� c instruments to Saturn.

It uses a Titan IV/Centaur launch vehicle plus two gravity assists
from Venus, one from Earth, and one from Jupiter for the seven-
year journey. After the spacecraft is inserted into Saturn orbit, it
will separate into a Saturn orbiter and an atmospheric probe, called
Huygens, which will descend to the surface of Titan. The orbiter
will orbit the planet for four years, with close � ybys of Enceladus,
Dione, Rhea, and Iapetus, and multiple close � ybys of Titan.

The orbiter is three-axis stabilized. Its instruments are body-
mounted; the spacecraftmust be turned to point them toward objects
of interest.There are two redundantmain engines.Radioactive ther-
mal generators provide 600–800 W of electrical power. Telecom-
munication is at X-band over a 4-m HGA. The maximum downlink
rate from Saturn is 166£103 bps. Two solid-staterecordersprovide
1.8 gigabit each of onboard storage.

The probe is spin stabilized. A heat shield will decelerate it and
protect it from heat during entry to Titan’s atmosphere. Parachutes
will then slow its descent to the surface. LiSO2 batteries supply
power. The probe returns its data via an S-band link to the orbiter.

The orbiter carries 12 scienti� c instruments.Optical instruments
provide imagery and spectrometry at wavelengths from 55 nm to
1 mm. A radar instrument supplies synthetic aperture imaging, al-
timetry, and microwave radiometry. S-, X-, and Ka-band link mea-
surements between orbiter and Earth provide information about in-
tervening material and gravity � elds. Field and particle instruments
measuremagneticand electric � elds, plasma properties,and the � ux
and properties of dust and ice particles.

The probe carries six instruments. These include sensors to de-
termineatmosphericphysicalpropertiesand chemicalcomposition.
Optical sensors will provide data on temperatures and thermal bal-
ance and obtain images of Titan’s atmosphere and surface. Doppler
measurements over the radio link from probe to orbiter will provide
wind pro� les. Surface sensors will measure impact acceleration,
thermal properties of the surface material, and, if the surface is
liquid, its density, refractive index, electrical properties, and acous-
tic velocity.

Addendum
After the manuscript of this paper was submitted, additional pa-

pers concerning Cassini/Huygens were published.43
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